As part of the international project to sequence the Bacillus subtilis genome, the DNA region located between gerBC (31 1 ") and licR (334") was assigned to the lnstitut Pasteur. In this paper, the cloning and sequencing of 176 kb O f DNA Pasteur, 2s' rue Docteur Roux, 75724 Cedex 15, France du Paris and the analysis of the sequence of the entire 271 kb region ( 6 5 % of the B. subtilis chromosome) is described; 273 putative coding sequences were identified. Although the complete genome sequences of seven other organisms (five bacteria, one archaeon and the yeast Saccharomyces cerevisiae) are available in public databases, 65 genes from this region of the B. subtilis chromosome encode proteins without significant similarities to other known protein sequences. Among the 208 other genes, 115 have paralogues in the currently known B. subtilis DNA sequences and the products of 178 genes were found to display similarities to protein sequences from public databases for which a function is known. Classification of these genes shows a high proportion of them to be involved in the adaptation to various growth conditions (non-essential cell wall constituents, catabolic and bioenergetic pathways); a small number of the genes are essential or encode anabolic enzymes.
INTRODUCTION
The systematic sequencing of the chromosome of the Gram-positive bacterium Bacillus subtilis is being conducted by an international consortium of European and Japanese laboratories Ogasawara & Yoshikawa, 1996) . By April 1997,95 % of the sequence was determined, and the analysis of several long regions has been published (e.g. Ogasawara et al., 1994; Albertini et al., 1995; Mizuno et al., 1996; Soldo et al., 1996; Sorokin et al., 1996; Wipat etal., 1996; Yoshida et al., 1996) . The completion of this genome sequence will be the first complete genetic determination of a sporulating Bacillus sp. with a high level of competence and recombination potential. As for the other completely known genomes, the Gram-negative bacteria Haemophilus influenzae (Fleischmann et al., 1995) and Escherichia coli (O'Brien, 1997) , the mycoplasmas Mycoplasma genitalium (Fraser et al., 1995) and Mycoplasma pneumoniae (Himmelreich et al., 1996) , the cyanobacterium Synechocystis PCC 6803 (Kaneko et al., 1996) , the archaeon Methanococcus jannaschii (Bult et al., 1996) and the yeast Saccharomyces cereuisiae (Goffeau et al., 1996) , about one-third of the genes in the B. subtilis chromosome are 'unknown' genes , i.e. they encode proteins without similarities to proteins with a known function. T o elucidate their role, an original international research project of systematic functional analysis was set up, using the approach of reverse genetics for which B. subtilis is particularly suited (Harwood & Wipat, 1996) . Accessibility of the whole genetic information of an organism associated with the knowledge of other genome sequences opens new possibilities for sequence analysis, for example classification of genes according to their codon usage (Moszer et al., 1995) . It becomes possible to study the distribution of nucleotide motifs along the chromosome Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11
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and thereby get insights into regulatory processes (HCnaut et al., 1996) , and to compare chromosomal gene clusters conserved during evolution in different organisms. These analyses may reveal functions for unknown genes and new functions for already known genes (Danchin, 1996) . For this kind of analysis appropriate computer tools will be required. Several lines of investigation have been opened or speeded up as a direct consequence of the recent availability of B. subtilis sequence data. An interesting area of research in B. subtilis is the sporulation pathway (for a recent review see Stragier & Losick, 1996) . The knowledge of the whole genome sequence will contribute to the discovery of new genes involved in this bacterial cell differentiation process. In particular, several important sporulation loci were discovered in the described region (Perego et al., 1994 (Perego et al., , 1996 LondoiioVallejo & Stragier, 1995; Karow et al., 1995) .
This paper describes the features of the B. subtilis chromosomal region initially assigned to our group . This 271 kb region between gerBC (311") and licR (334") covers 6.5 YO of the chromosome.
It includes a region of 97 kb which has been sequenced and published (Glaser et al., 1993) .
METHODS
Bacterial strains.The same isolate of B. subtilis strain 168
provided by C. Anagnostopoulos is used by all the participant groups in the European B. subtilis genome sequencing project.
This strain was the source for the chromosomal DNA used to construct a lambda library (Kunst & Devine, 1991) and for all the other cloning methods. Direct cloning by plasmid rescue was performed in the E . coli pcnB strain TP611 (Glaser et af., 1993) . Strain P2392 was used for propagation of the lambda library (Silhavy et al., 1984) . E. coli strains used for DNA sequencing were XL-1 Blue (Bullock et al., 1987) for dsDNA preparations and TG1 for ssDNA preparations (Gibson, 1984) . Media. Luria-Bertani (LB) medium was used for standard cultures of B. subtilis and E. coli (Miller, 1972) . 2YT medium was used for M13 recombinant phage preparation. Lambda stocks were prepared from LB plates (15 g agarose 1-' ) using LB overlays containing 7 g agarose 1-l. Antibiotics were added to the following final concentrations, when necessary: for E.
coli, 100 mg ampicillin 1-1 ; for B. subtilis, 5 mg chloramphenicol l-', 10 mg erythromycin 1-l. Phages and plasmids. Gene libraries of B. subtilis DNA were constructed in Lambda FIX I1 (Stratagene) (Kunst & Devine, 1991) . DNA sequences were determined from subclones in the phage M13mp8 (Messing & Vieira, 1982) or in pUC18
(Yanisch-Perron et af., 1985). The plasmid rescue method was performed after an initial cloning step in pDIA5304 (Glaser et al., 1993) or pDIA5305. pDIAS305 was obtained by insertion of the pC194 cat gene (Horinouchi & Weisblum, 1982) into the unique NaeI restriction site of pMTL22 (Chambers et al., 1988) . The high-copy-number B. subtilis replicon pMTL5OOE (Swinfield et al., 1990) was used for marker rescue in B. subtilis. DNA manipulations. E. coli transformation was generally performed as described by Chung & Miller (1988) . Shotgun libraries in M13mp8 or in pUC18 were used to transform E. coli XL-1 Blue as described by Hanahan (1983) . Recombinant plasmids were transferred to E. coli TP611 by the calcium chloride transformation method (Sambrook et al., 1989) . B. subtilis cells were transformed as described by Kunst & Rapoport (1995) . Southern blots, and plaque and colony transfers were performed as described by Sambrook et af.
(1989). Membranes were further hybridized with non-radioactively labelled probes (Boehringer DIG-dUTP labelling). The 311"-334" B. subtilis chromosomal region Chromosome walking experiments involved either a plasmid rescue method, using integrative plasmids (Niaudet et al., 1982) , or a marker rescue method after chromosomal integration of a selective marker (Cm") (Glaser et al., 1993) . Fifteen walking steps ( Fig. 1 and Table 1 ) were performed as follows. A single walking step was performed from the ywaA end of the 97 kb contig. The resulting plasmid (pDIA5363) contains the whole lic operon (Tobisch et al., 1997) . From plasmid pPP41 containing the SPOOF gene (Trach et al., 1988) , four successive walking steps were performed in the direction of the pta gene, leading to plasmids pDIA5353, pDIA5348, pDIA5365 and pDIA5364. pDIA5364 has a 2.1 kb overlap with the 97 kb contig. In the other direction a single walking step was possible (pDIA5354). From InarA, only a single step could be performed in the direction of the pPP41 insert (pDIA5329). The region (only 1.6 kb long) between the pDIA5354 and pDIA5329 inserts could not be cloned into E. coli by this method. It was therefore cloned in B. subtilis using the pMTL5OOE plasmid (pDIA.5355). From the other end of IZnarA, five successive walking steps were performed, giving plasmids pDIA5366-5370. Finally, two walking steps were performed from the cloned gerBC gene, giving plasmids pDIA5372 and pDIA5371. Plasmids pDIA5370 and pDIA5371 overlap by 2.6 kb. Shotgun cloning and DNA sequencing. Fifteen shotgun sequencing experiments were performed independently. The corresponding strategy has already been described (Moszer et al., 1991 ; Glaser et al., 1993) . Data handling and computer analysis. DNA sequences were compiled using the XBAP program of R. Staden (Dear & Staden, 1991) . Sequences were analysed using the DNA Strider 1.1 software (Marck, 1988) . The BLAST program (Altschul et al., 1990 ) was used to search for similar sequences in the nonredundant database (5 April 1997) at the Institut Pasteur computer centre. The CLUSTAL w program was used for the multiple alignment of the repeated DNA element (Higgins et al., 1992) . B. subtilis sequences were handled using the SubtiList database (Moszer et al., 1995) .
RESULTS AND DISCUSSION
Cloning and sequencing of the gerBC-licR region (Soldo et al., 1996) .
Identification of coding sequences and general analysis
The putative coding sequences in the six reading frames were identified according to previously described rules In some cases, such as ywbHG in B. subtilis and yohJK in E . coli, the transcriptional organization of unknown genes is also conserved. Three genes with unknown function, ywqH, ywqI and ywqJ, are similar to three other B. subtilis genes, yxiB, yxiC and yxiD, respectively, and in both cases the three genes seem to be organized in an operon.
As for other long segments of the B. subtilis chromosome, the overall coding capacity of the region is high (88 % ) . Only 10 intergenic regions are longer than 500 bp. In seven cases they are located between divergent coding sequences: dltA and ywaB (613 bp), ywcB and ywcC (957 bp), upr and ywcZ (530 bp), ywfN and ywf0 (601 bp), ywmA and ywmB (529 bp), ywqB and ywqC (581 bp), rbsR and ywsC (784 bp), and in three cases between genes in the same orientation : galT and qoxA (835 bp), mmr and thrZ (595 bp), ywmG and ureA (1000 bp). Most of these regions may be regulatory. Alternatively, they may contain short genes devoid of typical ribosome-binding site sequences, or may be transcribed as non-translated RNA. Systematic comparison with known nucleotide sequences using the intergenic regions as query sequences revealed that two intergenic regions (ywmE-narQ and ywbN-ywbO) contained a repeated element. This sequence was found six times in the publicly available B. subtilis sequences (Fig. 3 ) . This element, named Bs-rep was described in 1994 as being repeated three times in the sequences available at that time (Popham & Setlow, 1994) . The six repeats are located in less than one-third of the chromosome (from position 3230 kb to position 513 kb) and are all in the same orientation with respect to the replication fork movement. Comparisons with sequence databases show that this element is extremely well conserved in two sequences from the phylogenetically closely related bacterium : Bacillus licheniformis (Fig. 3 ) . Furthermore, two classes could be distinguished on the basis of sequence similarities : ydbT-ydcA and ywmE-narQ in one group and the remaining six sequences including the two B. Zicheniformis sequences in the other. The nature (IS element or scar of a mobile element) and the possible role of this repeated sequence are unknown.
Gene function analysis
At the beginning of the sequencing project, only eight genes were known in this region of the B. subtilis chromosome. Since then, independent of our sequencing project, 25 other genes have been characterized. Most are involved in two aspects of bacterial life : carbon and nitrogen source utilization and sporulation. sacXY (Zukowski et al., 1990 ) and sacTPA (Fouet et al., 1986 (Fouet et al., , 1987 encode proteins involved in saccharose metabolism. The rbs operon is involved in ribose utilization (Woodson & Devine, 1994) . Two exocellular proteases are encoded by the epr ( 
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Consensus sequence: Consensus sequence: (Sacco et al., 1995) , cotH (Naclerio et al., 1996) and cotB (Donovan et al., 1987) . Only the first 72 codons of cot& which encodes a protein located in the outer coat of the spore, were known. The analysis of its complete sequence (Fig. 4) revealed that this protein may have two domains. The 150 residues C-terminal domain is hydrophilic and has a low complexity organization (two types of repeated unit of 13 and 14 amino acids, respectively), similar to that of CotG (Sacco et al. , 1995 ;  Fig. 4) . Although the sequence identity is low, both types of repeated unit are serinerich and highly charged. The similar organization may reflect a conserved structural domain in both coat proteins. It has been reported that the CotB protein is absent from a cotG mutant strain (Sacco et al., 1995) . It is therefore possible that both proteins are part of a complex or molecular assembly involving these repeated structures. Eight other genes with various activities from the ZicR-gerBC region have been described by other groups. They determine or encode methylenomycin A resistance (mmr; Putzer et al., 1992) 
1995).
Fifty-four genes discovered during the systematic sequencing of this part of the chromosome were analysed either in our laboratory, or in collaboration with other groups. Several loci are involved in energy conversion : the atp operon (encoding the nine subunits of the F,F, ATPase ; Santana et al., 1994), the qox operon (encoding the four subunits of the major aa,-type terminal oxidase ; Santana et al., 1992), the narGHJI, narK and narA genes (involved in the utilization of nitrate as an alternative terminal electron acceptor; Cruz Ramos et al., 1995; Glaser et al., 1995) , and fnr (a regulatory gene for anaerobic respiration; Cruz Ramos et al., 1995). Five loci are involved in carbon and nitrogen source utilization: lichenan degradation (the lic operon; Tobisch et al., 1997), fatty acid utilization (acyl-CoA dehydrogenase, acdA; V. de la Fuente and others, unpublished), acetate production as a by-product (phosphotransacetylase, pta ; E. Presecan and others, unpublished) , The 31 lo-334' B. subtilis chromosomal region The 311'-334' B. subtilis chromosomal region 
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teichoic acids (dlt operon; Perego et al., 1995) and synthesis of a spore-coat polysaccharide (sps operon ; M. F. Hullo and others, unpublished). Two sporulation loci have also been characterized: spollR (Karow et al., 1995 ; Londoiio-Vallejo & Stragier, 1995) and rapB (Perego et al., 1996) . Finally, the uracil phosphoribosyltransferase involved in the pyrimidine salvage pathway (upp; Martinussen et al., 1995) and a minor alternative tyrosine-tRNA synthetase (tyrZ ; Glaser et a[., 1991) of this B. subtilis chromosomal region have been studied.
In the latest version of the B. subtilis genetic map, there are 96 markers located between gerBC and licR (celR) (Biaudet et al., 1996) . The relative positions of the markers determined by genetic methods are in good agreement with the position of the corresponding genes on the chromosome. Only eight genetic markers could not be unambiguously associated to a gene. furC and furE (resistance to 5-fluorouracil) may both correspond to upp. Alternatively, one of these loci and axpB (resistance to azopyrimidines) may lie in ywoE, which encodes a protein similar to uracil permeases. For the other five loci, flaC, outF, divll, bac and gneA, no obvious gene could be allotted.
The predicted gene products of the licR-gerBC region were compared with all known protein sequences available in public sequence libraries (5 April 1997). The 273 genes of the region were thereby classified into five groups: (i) genes with known function (non-y gene) encoding proteins similar to known proteins (94 genes) ; (ii) orphan genes (for which no similar sequence has been found) with known function (9 genes); (iii) genes with unknown function but encoding proteins similar to proteins with known function (75 genes) ; (iv) unknown genes encoding proteins similar to proteins with unknown function (39 genes) and (v) orphan genes with unknown function (56 genes). Although this classification is subjective, the proportion of genes in classes (iv) and (v) is similar to that found for other eubacterial genomes (35 ' 7' 0) using the BLAST program. Although the complete genomes of five bacteria, one archaeon and the yeast S. cerevisiae are known, no phylogenetically related genes could be detected by this method for more than 20% of the genes in this region of the B. subtilis chromosome. In 10 cases (spsA, rocB, phrF, ywmC, ywmD, ywnC, ywnG, ywqH, ywql, ywq]), counterparts were detected only in B. subtilis sequences (paralogue orphan genes). These genes, together with the class (ii) and (v) genes, may constitute a kind of signature for B . subtilis and related species. It is however not possible to know whether the absence of detectable similarities reflects a recent origin of these genes or whether the relatedness to other proteins has been obscured by evolution.
The 217 genes in classes (i), (ii), (iii) and (iv) were further classified according to Moszer et al. (1996) and are presented in Table 2 (see also the arrow fill-in motifs in Fig. 2) secretion (1.6), germination (1.9), competence (1. lo), metabolism of phosphate (2.6) and of sulphur (2.7), DNA recombination (3.3), RNA modification (3.6), protein modification (3.8) and folding (3.9). The distribution of genes into the remaining classes is consistent with what has been described for the whole genome . However, there are several striking features. About half of the genes in the licR-gerBC region belong to the 'cell envelope and cellular processes ' class of genes, with a large proportion in the ' cell wall components' subclass (the sps operon in the sporulation subclass is also involved in the synthesis of wall components). The region contains very few genes encoding anabolic enzymes (in the ' intermediary metabolism' class) : glyA, narA and the thiC operon. The ' information pathways ' class contains mainly regulatory genes and very few essential genes. Three aminoacyl-tRNA synthetase genes are found in this region, but only argS is essential (A. Sekowska and others, unpublished), thrZ and tyrZ encode minor synthetases of unknown physiological function (Glaser et al., 1991 ; Putzer et al., 1990). Other than argS, only rpmE and rho, encoding the ribosomal protein L31 and a transcription terminator factor, respectively, are important genes of this class.
Orthologues and paralogues in the gerBC-licR region
We have searched for B. subtilis sequences similar to sequences present in six known genomes (orthologues). The number of genes of the B. subtilis licR-gerBC region having an orthologue in each of these genomes is presented in Table 3 . The largest number of orthologues (58%) was with E . coli sequences. Note however that the E . coli genome contains more than twice as many genes as the H . influenzae genome. A striking result of this analysis is the small number (27) of genes in the licR-gerBC region having an orthologue in Mycoplasma genitalium. This may be due to the information content of this part of the B. subtilis chromosome (see above). Indeed mycoplasmas have minimal genomes which appear to have evolved from Gram-positive bacteria by elimination of non-essential genes (Maniloff, 1983) . The
The 311"-334" B. subtilis chromosomal region are similar to at least one other B. subtilis gene (paralogues). Forty-five genes have only one counterpart. In contrast, 17 genes have more than eight paralogues ( Table 2 ). These genes encode proteins which belong to large families of regulatory or transporter proteins. For example, three genes in this region of the chromosome encode regulatory proteins of the LysR family and there are 13 other members of this class in the remaining known sequences. We performed a preliminary analysis of the distribution of the paralogues along the genome map, considering only genes which are not part of large families of proteins (Fig. 5 ) . The distribution is not uniform, presenting a higher density of paralogues in or near our 271 kb region (between 3600 and 4100 kb). In several cases paralogues are in tandem repeat, in the same transcriptional unit (ywbH and yw6G or ywhK and ywhL), or in two transcriptional units (ywmC and ywmD). Some protein families are particularly well represented in this part of the chromosome. The three known genes putatively encoding cardiolipin synthase are found in a 70 kb region: ywiE and ywnE are transcribed in the same orientation and ywjE is transcribed in the opposite direction. Three of the eight known members of the newly discovered regulatory aspartyl phosphatase family (Perego et al., 1996) are encoded in this part of the chromosome (rapA, rapD, rapF).
The systematic sequencing approach has considerably accelerated the study of the genetic content and the gene function analysis of the licR-gerBC region of the B. subtilis chromosome. This region appears to contain genes mainly involved in adaptation to growth conditions. In particular, it carries a high density of loci responsible for the utilization of various carbon and nitrogen sources and alternative terminal electron acceptors. The synthesis of non-essential cell wall components and their modification may reflect adaptation to physical and chemical variations in B. subtilis' ecological niche: the soil and the surface of plant leaves (Priest, 1993) . The small number of genes having an orthologue in the Mycoplasma genitalium genome, considered as a minimal genome with very little adaptive capacity, together with the large number of paralogues in this part of the chromosome are consistent with this observation. Our analysis also supports the hypothesis of a functional organization of the B. subtilis chromosome. The systematic analysis of the unknown genes will confirm or invalidate this view.
